1. Introduction {#sec1}
===============

Leukoaraiosis was the first term introduced to characterize areas of loss of density of white matter observed on computerized tomography of the brain \[[@B1]\]. Later recognized as hyperintense areas on T2-weighted MR images, these findings, although probably related to vascular risk factors, are common in advanced age and thus usually designated age-related white matter changes (ARWMC). Several clinical features have been related to ARWMC, including cognitive impairment, depressive symptoms, mood disturbance, urinary dysfunction, and motor deficits. Among these, gait disturbance probably deserves further attention on account of related functional impairment \[[@B2], [@B3]\].

The pathophysiology of motor impairment in old age patients with leukoaraiosis is not fully understood. Although frequently attributed to frontal lobe dysfunction, related to disconnection effects of the lesions on white matter tracts \[[@B4]\], few studies have devoted their attention to the relation between ARWMC localization and motor deficits. Recently, conventional MRI studies have suggested that gait disturbance \[[@B5]\] and postural control \[[@B6]\] could be related not only to frontal but also to parieto-occipital (PO) lesions. Others have found association mainly with frontal lesions, when compared with basal ganglia and infratentorial lesions \[[@B7]\].

Difficulty in locating the cause of motor disturbance in patients with leukoaraiosis could be due to the low sensitivity of conventional imaging techniques to more subtle ischemic changes, occurring even in normal appearing white matter (NAWM). This could explain some mismatch between clinical and imaging data. Average apparent diffusion coefficient (ADC), a measure of water diffusion in tissues, presents higher sensitivity to white matter structural changes. It is increased in chronic ischemic WML, probably due to breaking of the anatomic barrier formed by the myelinated axons and also in surrounding NAWM \[[@B8]\]. It could thus be a useful technique to study vascular damage in leukoaraiosis and also in tissue not visibly damaged in conventional MRI, but potentially altered at a microstructural level, permitting to analyze more accurately the relation between white matter vascular alterations and motor function in patients with leukoaraiosis.

On a previous study, we presented data regarding the association between age-related white matter changes and cognitive function, on a sample of old age, community-dwelling subjects with leukoaraiosis \[[@B9]\]. In the present analysis, we present data concerning the relation between motor function and location of ischemic white matter changes.

2. Materials and Methods {#sec2}
========================

2.1. Subjects {#sec2.1}
-------------

We included 30 subjects, according to the following criteria: age above 65 years; no (or mild) disability assessed by Instrumental Activities of Daily Living scale (IADL); presence of ARWMC on CT-Scan, defined as periventricular or subcortical areas of hypodensity (all criteria needed). We exclude patients who presented with leukoencephalopathy from other identified cause, neurological or general incapacitating chronic disease, Modified Rankin Scale \>2, dementia, aphasia, and general contraindications for undergoing MRI. Patients were referred to Egas Moniz Hospital Outpatient Neurology Clinic by general practitioners for reasons not directly related to the presence of ARWMC: cognitive complaints (6), stroke (12), gait disturbance (1), depression (2), incidental CT/MRI findings (4), vertigo (2), and other neurological symptoms (3). Stroke was confirmed, by history taking and revision of imaging findings, in 9 patients. Ictus occurred at least three months before study inclusion, leaving no neurological signs. They were all minor strokes, with the following classification: lacunar (5), cardioembolic (2), large artery disease (1), and other cause (1) strokes, occurring. All patients underwent MRI scanning, according to a standardized protocol. All patients provided informed consent, and the local ethic committee approved the protocol. The same sample was also investigated for cognitive impairment. Data related to neuropsychological variables is discussed elsewhere \[[@B9]\].

2.2. MRI Protocol {#sec2.2}
-----------------

### 2.2.1. Imaging Acquisition Protocol {#sec2.2.1}

the head was imaged from foramen magnum to superior convexity with General Electric Sigma CV/i 1.5T equipment. Structural acquisition consisted in localizing sequence Sagital T1(FOV 24 cm, thickness 5 mm, Gap 1.5 mm, Matrix 256 × 224, Nex 2); Proton Density and T2 FSE (ET = 4, TR 4000, TE 102, FOV 22 cm, thickness 4 mm, Gap 0, Matrix 320 × 256, Nex 2 and ET = 16, TR 4000, TE 102, FOV 22 cm, thickness 4 mm, Gap 0, Matrix 320 × 256, Nex 2); T2 Fast FLAIR (TR 10000, TE 130, FOV 24 cm, thickness 4 mm, Gap 0-Double acquisition, Matrix 256 × 192, Nex 2); DWI (TR 10000, TE min, FOV 32 cm, thickness 5 mm, Gap 0, Matrix 128 × 128, Nex 1, *B* = 0 and *B* = 1000 s/mm^2^). Diffusion gradients were applied sequentially along six noncollinear directions.

2.3. Image Processing {#sec2.3}
---------------------

Two consecutive slices were selected to study average ADC, one for LWM and parieto-occipital NAWM and another for frontal NAWM, respectively. The size of the ROI and the selected planes were previously decided in order to obtain consistent measures and avoid regions with both LWM and NAWM. The observer was unaware of motor test results and ARWMC rating results.

Average ADC was measured on circular, 58 voxel (standard deviation  ≤10%) regions of interest (ROI), directly on ADC maps. They were placed bilaterally in parieto-occipital and frontal NAWM, avoiding areas with white matter lesions. We also measured ADC on lesioned frontal periventricular white matter (LWM), on 30 voxel oval ROI, placed near but at least 4 voxels apart from the tip of the anterior horns. ([Figure 1](#fig1){ref-type="fig"}).

2.4. White Matter Lesion Load {#sec2.4}
-----------------------------

White matter lesions were scored on FLAIR sequences, bilaterally in frontal, parieto-occipital, temporal, basal ganglia, and infratentorial regions. They were rated retrospectively, by an experienced neuroradiologist (C. J.), blinded to clinical evaluation and DWI results, using a validated visual rating scale \[[@B10]\]. Mean regional scores were used, derived from the average of left and right values.

2.5. Motor Function Assessment {#sec2.5}
------------------------------

### 2.5.1. Subjects Underwent the Following Motor Function Tests {#sec2.5.1}

Short Physical Performance Battery \[[@B11]\]This widely used scale tests lower extremity function, by measures of standing balance (including tandem, semitandem, and side-by-side stands), walking speed (fastest of two times to walk 4 meters), and ability to rise from a chair (time to rise to stand and sit five times). There are five performance scores, ranging from 0 (inability to complete the test) to 4 (highest level of performance). A total score is derived from adding the three partial scores. Based on this score, patients can be divided in three categories: higher mobility (SPPB = 11 or 12), intermediate mobility (SPPB = 9 or 10), or lower mobility (SPPB \<  9).

Single Leg Stand Time Best Trial in Secondsthe subjects were instructed to balance as long as possible on one leg; two trials for each leg were performed, the best time of the four trials being used for analysis.

Finger Tapping from the Unified Parkinson\'s Disease Rating Scale \[[@B12]\]In this section of the Unified Parkinson\'s Disease Rating Scale the patient is required to tap his/her thumb with index finger in rapid succession. The test is rated as follows: 0 = normal; 1 = mild slowing and/or reduction in amplitude; 2 = moderately impaired; definite and early fatiguing; may have occasional arrests in movement; 3 = severely impaired; frequent hesitation in initiating movements or arrests in ongoing movement; 4 = can barely perform the task. For correlation analysis, right and left scores were averaged.

Grooved Pegboard \[[@B13]\]The Grooved Pegboard is a manipulative dexterity test, involving eye-hand coordination capacities. It consists of 25 holes with randomly positioned slots. Pegs with a key along one side must be rotated to match the hole before they can be inserted. The subjects are timed to determine how quickly they can insert grooved pegs into 25 holes in the pegboard, with both hands. For correlation analysis, left and right scores were averaged.

2.6. Statistical Analyses {#sec2.6}
-------------------------

Differences between ARWMC scores in the various regions and between mean ADC values in different ROI were tested using ANOVA followed by Bonferroni post hoc comparisons analysis.

We performed a data reduction study, using principal component analysis, in account of the high number of motor variables. Eigen values greater than 1 were considered as loading on a factor. Two rotated principal components accounted for 60.07 % of the total variance: Factor 1 (F1) was related mainly to Grooved Pegboard time (*r* = −0.835), SPPB standing balance (*r* = 0.764), and SPPB 4 meter walk (*r* = 0.753); Factor 2 (F2) was related mainly to SPPB chair stands (*r* = 0.764). Each patient was given a score on these factors. The relation between ADC and Visual Scale scores and motor tests, including F1 and F2, was tested with bivariate correlation analysis (Spearman or Pearson correlation coefficient, as appropriated). *P* \< .05 was considered significant.

3. Results {#sec3}
==========

Of the 30 subjects selected, 1 was excluded from analysis, because technical problems precluded utilization of MRI data. 17 subjects were male. Age ranged from 66 to 85 (mean 72.6 ± standard deviation 5.2).

Motor tests results are shown in [Table 1](#tab1){ref-type="table"}. Regarding SPPB total score, most patients were on the higher (10) and intermediate (17) mobility group, with just two patients in the lower mobility group.

Visual scale regional scores were significantly different (*F* = 39.54, *P* \< .0001), with Bonferroni post hoc comparison analysis showing higher scores for frontal and PO regions (*P* \< .0001), with no statistical difference between them. Basal ganglia, temporal, and subtentorial regions were excluded from correlation analysis because there were too many null values. ADC means were significantly higher in LWM (*P* \< .0001). There was no significant difference between PO and frontal means (imaging data comparisons are discussed elsewhere \[[@B9]\]).

We found a global trend to negative correlations between the frontal lobe visual scale scores and ADC and motor performance. Correlations were significant between frontal visual scale scores and Factor 1 (*r* = −0.468; *P* = .012). There were significant correlations between the frontal region and SPPB chair stands (*r* = −0.379; *P* = .039) and Grooved Pegboard (*r* = 0.393; *P* = .032) ([Table 2](#tab2){ref-type="table"}). Frontal NAWM ADC values were significantly correlated to Factor 1 (*r* = −0.379; *P* = .043). Significant correlations were found between frontal NAWM and SPPB standing balance (*r* = −0.450; *P* = .014) and SPPB 4 meter walk (*r* = −0.379; *P* = .043) ([Table 2](#tab2){ref-type="table"}).

To account for the potential influence of age, correlations between imaging and motor variables were repeated, using partial correlation analysis, controlling for age. Correlations between SPPB and frontal ADC remained significant for NAWM and became significant for LWM. Correlation between frontal visual scale scores and SPPB became less significant, but still showed a trend to significance (*P* \< .1) ([Table 3](#tab3){ref-type="table"}).

To avoid the potential bias produced by the inclusion of stroke patients in our subject group, we compared imaging and physical performance results between patients with and without a history of stroke (independent samples Student\'s *t*-tests). We found no significant differences.

4. Discussion {#sec4}
=============

We have investigated the relation between ischemic changes and motor function in a sample of 29 community-dwelling old age patients, with relatively good motor performance, as shown by high scores on the SPPB (most patients were in the higher/intermediate mobility categories). Significant correlations were found between ischemic white matter changes identified by conventional and DWI imaging techniques and several motor performance variables, including a rotated principal component (F1), related both to lower and upper limb function. These results are in accordance with several studies \[[@B14]--[@B26]\] and confirm the influence of white matter changes on old age subjects\' motor function. Single variable analysis was in accordance with principal factor analysis, showing significant correlations between imaging data and SPPB items (standing balance, chair stands, walking speed) and Grooved Pegboard, suggesting a relation between white matter damage and gait velocity, balance and upper limb dexterity.

Some findings may additionally contribute to a better understanding of the pathophysiology of motor disturbance caused by leukoaraiosis. Patients with leukoaraiosis and those with frontal lobe lesions (or, in which, basal-ganglia/frontal lobe connections are deranged) show some similarities in gait disturbance. This leads to the concept that gait disturbance in leukoaraiosis could be due to disconnection between the motor and premotor frontal regions and the basal ganglia, related to frontal ARWMC \[[@B4]\]. In the present study we found significant correlation between gait dysfunction and frontal but not PO white matter lesions, although both regions showed similar degrees of white matter damage, thus corroborating the frontal lobe hypothesis.

As far as we are aware, few studies have investigated the relation between white matter lesions in particular regions and motor function, none of them using DWI techniques. Using the same gait measures (SPPB), despite different imaging methods, Benson and coworkers \[[@B5]\] found frontal and parieto-occipital lesions to be related to lower mobility in patients with leukoaraiosis. While the first location showed high sensitivity, despite low specificity, to predict gait impairment, the latter showed high specificity but low sensitivity. Contrary to Benson et al., we did not find any significant correlation between PO ischemic changes and motor function. This is true also for PO NAWM, as shown by the DWI study, which has higher sensitivity for subtle white matter changes. Thus, these results do not support the hypothesis put forward by the authors that PO WML low sensitivity for gait impairment could be due to underestimation of tissue damage caused by microscopically, nonvisible alterations. We should say, however, that our patients generally presented with higher mobility than those reported in that study, and, therefore, they could be in a less advanced stage of the disease. This would suggest that frontal lesions could have a more important role in gait impairment on the initial stages of the disease. Novak and collaborators\' study \[[@B6]\] found that PO lesions also correlated significantly with postural control measures. This study used automated measures of gait and posture and assessed a great number of patients, which may have permitted to detect more subtle relations between motor variables and WML.

Results from visual scale scoring and DWI point roughly to the same conclusions, that is, a relation between motor function and frontal lobe ischemic changes. However, the significant correlations found between frontal NAWM and several motor variables suggest that nonvisible white matter damage can have influence on patients\' motor ability, as has been already shown for cognitive functions \[[@B9], [@B28]\]. More recently, a study using magnetic transfer imaging also showed relation between motor dysfunction in old age subjects and microstructural tissue damage, not seen in conventional MRI \[[@B29]\].

Our study has some limitations, one being not using automated methods to quantify WML. We should say, however, that in a recent analysis both automated methods and the visual scale used in this study had comparable power in discriminating between leukoaraiosis patients with and without gait complaints \[[@B31]\]. The large number of motor performance variables and the relatively low level of significance of the correlations found (*P* \< .05) could have made separate variables correlation analysis less reliable. However, we should point that these results were mostly concordant with the results from data reduction analysis. Besides, they were similar in both imaging techniques. We also did not use diffusion tensor imaging (DTI) techniques, which are considered to be more specific than ADC in detecting white matter structural changes, and we did not perform inter- or intraobserver reproducibility tests for image analysis. As main advantages of the present study, we underline the small number of diffusion studies addressing motor disturbances in patients with white matter lesions, ADC measurement in both LWM and NAWM, and use of regional scores to quantify lesion load. In conclusion, our findings suggest that white matter changes are negatively related to balance, gait velocity, and hand dexterity in old age patients with leukoaraiosis and that this could be due mainly to frontal lobe derangement. DWI results suggest that this may be true even for NAWM.
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###### 

Motor performance results.

                                               Minimum   Maximum   Mean     Standard deviation
  -------------------------------------------- --------- --------- -------- --------------------
  SPPB standing balance                        2         4         3.87     0.43
  SPPB 4 meter walk                            3         4         3.90     0.30
  SPPB chair stands                            1         4         2.33     0.99
  SPPB total score                             7         12        10.10    1.21
  Single leg stand time best trial (seconds)   5         60        34.87    19.83
  Finger tap                                   0         1.50      0.75     0.54
  Grooved pegboard                             80.50     417.00    126.98   60,50

SPPB: short physical performance battery.

###### 

Correlations between imaging data and motor performance tests.

                                               VS: frontal   VS: PO   DWI: LWM   DWI: frontal NAWM   DWI: PO NAWM                                     
  -------------------------------------------- ------------- -------- ---------- ------------------- -------------- ------ -------- -------- -------- ------
  Factor 1                                     −0.468        .012\*   −0.364     .052                −0.364         .052   −0.379   .043\*   −0.048   .804
  Factor 2                                     −0.176        .353     −0.017     .931                −0.017         .931   0.212    .270     −0.007   .972
  SPPB standing balance                        −0.251        .180     −0.333     .078                −0.333         .078   −0.450   .014\*   −0.335   .076
  SPPB 4 meter walk                            −0.189        .316     −0.108     .576                −0.108         .576   −0.379   .043\*   −0.230   .230
  SPPB chair stands                            −0.379        .039\*   −0.156     .420                −0.156         .420   0.269    .158     −0.116   .548
  Single leg stand time best trial (seconds)   −0.057        .767     −0.152     .430                −0.152         .430   −0.234   .221     −0.072   .711
  Finger Tap                                   0.358         .052     0.258      .176                0.258          .176   0.279    .142     0.092    .636
  Grooved Pegboard                             0.393         .032\*   0.291      .126                0.291          .126   0.274    .151     0.131    .500

Values are as follows: *r*: spearman coefficient; *P*: level of significance; \**P* \< .05; SPPB: short physical performance battery; VS: visual scale score; DWI: diffusion-weighted imaging; LWM: lesioned white matter; NAWM: normal appearing white matter; PO: parieto-occipital.

###### 

Correlations between imaging data and motor performance tests, controlling for age.

                                               Frontal   PO     LWM      Frontal NAWM   PO NAWM                                       
  -------------------------------------------- --------- ------ -------- -------------- --------- -------- -------- -------- -------- ------
  Factor 1                                     −0.107    .582   0.259    .174           −0.433    .021\*   −0.382   .045\*   −0.155   .430
  Factor 2                                     −0.107    .582   0.259    .174           −0.011    .957     0.197    .316     −0.027   .893
  SPPB standing balance                        −0.083    .669   −0.006   .975           −0.458    .014\*   −0.465   .013\*   −0.217   .267
  SPPB 4 meter walk                            0.062     .749   0.406    .029\*         −0.113    .566     −0.199   .310     −0.136   .491
  SPPB chair stands                            −0.341    .070   −0.199   .300           −0.099    .616     0.400    .035\*   −0.114   .564
  Single leg stand time best trial (seconds)   0.036     .853   0.327    .083           −0.148    .453     −0.107   .588     −0.066   .740
  Finger Tap                                   0.271     .155   0.034    .861           0.245     .209     0.129    .513     −0.012   .952
  Grooved Pegboard                             0.086     .656   0.255    .181           −0.325    .092     −0.283   .144     0.001    .997

Values are as follows: *r*: partial correlation coefficient, controlling for age; *P*: level o0f significance, \**P* \< .05; SPPB: short physical performance battery; DWI: diffusion-weighted imaging; LWM: lesioned white matter; NAWM: normal appearing white matter; PO: parieto-occipital.
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